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Abstract

Macrophage migration inhibitory factor (MIF) was the first cytokine to be identified almost 40 years ago. Homologues of MIF have been isolated
recently from invertebrates, making it an interesting molecule from an evolutionary as well as functional perspective. The present study represents
the first report of MIF homologues in apicomplexan parasites, belonging to the genus Eimeria. A single full-length clone was isolated from Eimeria
acervulina that shared between 35 and 38 % amino acid identity with MIFs of vertebrates. A MIF cDNA from Eimeria tenella shared 64% amino acid
identity with E. acervulina MIF. The mRNA expression was highest in merozoites, whereas developing oocysts and sporozoites expressed low to
undetectable levels. Protein expression patterns were nearly identical to that observed by reverse transcriptase polymerase chain reaction (RT-PCR),
suggesting strong developmental regulation. Immunofluorescence staining and co-localisation studies of E. acervulina merozoites indicated that
MIF is distributed throughout the cytosol, and appears to be concentrated in the apical end of the parasite. The presence of MIF was detected in excre-
tory/secretory (ES) products collected from E. acervulina merozoites, and isoelectric focusing indicated that three MIF isoforms are present in this
stage. Phylogenetic analysis revealed that apicomplexan MIF sequences form a sister relationship to MIF-like molecules from Arabidopsis thaliana.
© 2006 Published by Elsevier B.V.
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1. Introduction

Macrophage migration inhibitory factor (MIF) was one
of the first cytokines described. It was identified as a soluble
protein secreted from sensitised peritoneal lymphocytes, which
inhibited the migration of macrophages [1]. MIF is essential
in adaptive immune responses as well as innate immunity.
Mammalian MIF is an immunoregulatory molecule that
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affects macrophage function [2,3] resulting in inflammatory
responses, inducible by pro-inflammatory molecules such as
bacterial lipopolysaccharide (LPS) [4]. Because of its role in
inflammation and subsequent conditions such as sepsis, shock
and arthritis, the possibility of MIF as a therapeutic target is
being explored [5]. The effect of MIF on adaptive immune
responses is clear, since MIF antagonism suppresses T-cell
activation [6] as well as delayed type hypersensitivity (DTH)
responses [7]. Since its discovery, many additional functions
have been ascribed to this molecule that distinguish it from other
cytokines. MIF has been found to be a regulator of endocrine
function [2,8], and its expression has been observed in many
different cell types, including brain [9] and the {3 islet cells of the
pancreas [10]. One of MIF’s unusual features is the possession
of an enzymatic thiol-protein oxidoreductase activity [11], and
a tautomerase/isomerase activity [12]. The secretion of MIF
also appears to be regulated by an unconventional leaderless
pathway [4,13] and no MIF surface receptor has yet been
found.
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In recent years, MIF orthologues have been isolated from
non-vertebrate organisms, such as nematodes, Caenorhabditis
elegans[14], Brugia spp. [15,16], Trichinella spp., Trichuris spp.
[17,18], Wuchereria bancrofti and Onchocerca volvulus [15].
In these organisms MIF appears to have tautomerase activity
as well as the ability to chemotactically induce macrophage
migration [16-18]. It is unknown why a pro-inflammatory
cytokine is actively expressed by parasitic nematodes, since this
would not seem to be advantageous to parasites that induce a
counter-inflammatory phenotype in the host [19,20]. However,
there is some evidence that high MIF expression can pro-
duce anti-inflammatory effects [21,22], hypothetically resulting
in MIF-mediated inflammatory suppression and subsequent
immune evasion. In the free-living nematode C. elegans, MIF
appears to be involved in homeostatic mechanisms during times
of adverse conditions and stress [14]. Thus, MIF likely has
multiple functions in invertebrates as well as vertebrates. An
evolutionary analysis of MIF indicated that sequences from
nematodes form a sister relationship to vertebrate MIFs or a
sister relationship to mammalian D-dopachrome tautomerase
(DDT) (an enzyme which is considered to be part of the MIF
family based on sequence identity and conservation of enzy-
matic activity), suggesting that MIF and DDT diverged from a
single ancestral gene prior to the separation of nematodes from
other metazoans [23].

The present research describes the isolation and characterisa-
tion of MIF from single celled protozoans belonging to phylum
Apicomplexa. Members of this phylum are all parasitic protozoa
that are important in human as well as veterinary health. This
study was carried out in coccidia that infect chickens, belonging
to the genus Eimeria. These parasites are endemic and cause
losses of over US$ 800 million to the poultry industry, in the US
alone [24]. Characterising MIF in these protozoa allows us to
begin the investigation of the biological and immunomodulatory
roles that these parasites exert on the host, as well as permitting
a more complete analysis of MIF evolution.

2. Materials and methods
2.1. Animals, parasites and experimental infections

Fertilised eggs of TK chickens were obtained from Hyline
International Production Center (Dallas Center, IA, USA) and
hatched at Animal Parasitic Diseases Laboratorie’s Facilities,
Agricultural Research Service, US Department of Agriculture
(Beltsville, MD, USA). Chickens were kept in brooders
until 3 weeks of age, at which time they were transferred to
wire colony cages in separate housing for parasite infection.
Chickens were inoculated per os with 2 x 10 sporulated
oocysts of Eimeria acervulina. Preparation of oocysts used in
inoculation was carried out using standard techniques described
previously [25]. E. acervulina merozoites were harvested
from the duodenal loop of chickens 89 h post-infection (p.i.)
and purified using standard methods [26,27] before being
pelleted and frozen at —70 °C. Purified E. acervulina oocysts,
sporozoites and merozoites for use in mRNA expression were
obtained using previously described techniques [28,29]. For

immunolocalisation, E. acervulina merozoites were isolated
from infected chickens, purified by passage over a nylon wool
column, and air-dried onto multi-well slides as previously
described [30]. For analysis of ES products, infected duodena
recovered from birds 89h p.i. were cut into 2-3cm pieces
and incubated in Hank’s balanced salt solution (HBSS) with
gentle shaking for 20-30min. The incubation media was
poured through a double layer of cheese-cloth to remove tissue
and debris. The remainder of the isolation and purification
protocol was carried out using previously described methods
[28,29].

2.2. ¢DNA library construction and screening

Total RNA was isolated from frozen E. acervulina merozoites
using TRIzol (Invitrogen, Carlsbad, CA, USA) by following
the manufacturer’s recommended protocol. The total RNA was
resuspended in 100 pl of diethylpyrocarbonate (DEPC) treated
water. The integrity of the RNA was determined by elec-
trophoresing 1.3 pg of denatured total RNA on 1% agarose gel.
Approximately 1.3 pg of total RNA was used as template for
cDNA synthesis. Double stranded cDNA was generated using
the SuperScript Choice System for cDNA synthesis (Invitrogen)
and oligo(dT) primers. The ends of the double stranded cDNA
were blunted by incubating for 45 min at 37 °C with 20U of
DNA ligase and 8 U of T4 DNA polymerase (Roche, Nutley,
NIJ, USA). The cDNA was ligated for 1 h at room temperature
into pBluescript II KS+ vector (Stratagene, LaJolla, CA, USA)
using T4 DNA ligase (Roche). Vector DNA was digested with
EcoRV (NEB, Ipswich, MA, USA) and dephosphorylated with
alkaline phosphatase (NEB) prior to ligation. Ligated cDNA was
transformed into TOP10 Escherichia coli (Invitrogen). Random
clones were picked and grown in LB/ampicillin overnight and
were subsequently frozen in glycerol at —70°C in 384-well
plates. Clones were picked from glycerol stocks, and grown
overnight in LB/ampicillin. Plasmid DNA was isolated using
Qiaprep Miniprep Kit (Qiagen, Valencia, CA, USA).

2.3. RNA isolation and cDNA synthesis for mRNA
expression analysis

All parasites used in RNA isolation were snap frozen fol-
lowing purification, and were stored at —70 °C until use. Total
RNA was isolated from E. acervulina: merozoites, sporozoites
and sporulated as well as unsporulated oocysts. Each sample
was combined with approximately 3 g of DEPC treated Pyrex
beads (3 mm diameter, Corning, Corning, NY, USA) and 10 ml
of TRIzol (Invitrogen). Samples were vortexed for 1 min then
incubated on ice for 1 min (4 x). The remainder of the total RNA
isolation protocol was carried out using the manufacturer’s rec-
ommended instructions. The resulting pellets containing total
RNA were resuspended in DNase/RNase free water and were
stored at —70°C. All RNA samples were treated with DNase
I (Invitrogen) prior to cDNA synthesis. cDNA was synthesized
from 0.8 pg of total RNA using random hexamer primers with
the Advantage RT for PCR Kit (Clontech, Mountain View, CA,
USA).
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2.4. Expression of MIF transcripts

In order to measure the level of MIF transcripts, quantitative
real-time reverse transcriptase (RT)-PCR was carried out as fol-
lows. Primers were designed to amplify 345 bp of E. acervulina
MIF using forward primer KM161 (5'-ATGCCGCTCTGC-
CAGATC-3’) in combination with reverse primer KM162 (5'-
GGC GAAAACGCGAGACC-3'). Primers were also designed
to amplify the entire Eimeria tenella MIF cDNA using forward
primer KM138 (5'-ATGCCACTGTGCCAGATCGTGT-3') in
combination with reverse primer KM 139 (5-TTAACCAAAC-
ACGCGGGAACCA-3'). For control purposes primers (for-
ward primer KM97 5-CGGTGAAACTGCGAATGGCTC-3'
and reverse primer KM98 (5-GCCTTCCTT AGATGTGG-
TAGCCA-3') that amplify a 354 bp fragment of the small subunit
ribosomal RNA (SSU rRNA) from members of genus Eimeria
were used. Reactions were carried out in triplicate using the
Brilliant SYBR Green Kit (Stratagene). The Mx3000p System
(Stratagene) was used in generating and detecting fluorescently
labeled products. The expression of each transcript was normal-
ized to SSU rRNA expression using the Q-gene Program [31].
The thermocycling conditions were as follows: initial heat acti-
vation of polymerase, 95 °C for 7 min; denaturation, 94 °C for
30s; annealing, 65 °C for 30s; extension, 72 °C for 1 min; and
a final extension of 5 min at 72 °C. Cycles 2—4 were repeated 32
times.

2.5. Cloning and sequencing

Reverse transcriptase polymerase chain reaction (RT-PCR)
products from both E. tenella and E. acervulina were cloned
into the pCR2.1 vector using the TA Cloning Kit (Invit-
rogen) to confirm the amplification of appropriate genes.
Inserts were sequenced using vector specific primers M13
forward and M13 reverse. All sequencing reactions were
performed using the Big Dye 3.2 sequencing kits (Applied
Biosystems, Foster City, CA, USA) with non-isotopic dye ter-
minators and analyzed on an automated sequencer (Applied
Biosystems 3730xI DNA Sequencer). Sequences obtained were
compared with those in GenBank using the BLASTN or
BLASTX algorithms [32]. Chromatograms were viewed and
edited using the Sequencher 4.2 Program (Gene Codes Corp.,
Ann Arbor, MI, USA). Nucleotide sequence data reported
in this study is available in the GenBank™, EMBL and
DDBJ Databases under the accession numbers DQ323515 and
DQ323516.

2.6. Recombinant MIF expression

The entire coding sequence of E. acervulina MIF was
PCR-amplified from clone L24 using primers 134A (5'-
ATGGATCCATGCCGCTCTGCCAGATC-3') and 135A
(5’-ATGAGCTCGGCGAAAACGCGAGACC-3') thus incor-
porating BamHI and Sacl restriction sites into the resulting
products. Products were digested with both BamHI and
Sacl (NEB), gel-purified using Qiagen spin columns (Qia-
gen), ligated into BamHI-Sacl digested pET28(a) vector

(EMD Biosciences, San Diego, CA, USA) and transformed
into TOP10 cells (Invitrogen). The maintenance of the
correct reading frame was confirmed by sequencing pos-
itive transformants in both directions with T7 promoter
(5'-TAATACGACTCACTATAGGG-3") and T7 terminator
(5'-GCTAGTTATTGCTCAGCGG-3') primers (EMD Bio-
sciences). Positive clones were then transformed into E. coli
BL21 cells (EMD Biosciences). Bacteria harboring the recom-
binant E. acervulina MIF (rEa-MIF) were cultured in 50 ml of
LB containing 50 pg/ml kanamycin until reaching an optical
density (ODgog) of 0.5. Expression was induced by adding
isopropyl-1-thiogalactopyranoside (IPTG) (Sigma, St. Louis,
MO, USA) to a final concentration of 1 mM for 4 h at 37 °C.
Cells were pelleted and frozen at —70 °C then resuspended in
2.5ml of native binding buffer (1.2mM NaH,;POy4, 18.9 mM
Na;H,yPO4, 0.5M NaCl, pH 7.8) containing 1 mg/ml lysozyme
(Sigma) and 0.5 mM phenylmethanesulfonyl fluoride (PMSF)
(Sigma). Cells were subjected to three freeze—thaw cycles
between a dry ice—ethanol bath and 37 °C water bath. RNase
and DNase (1 pg/ml) were added and the samples were rocked
for 30 min at room temperature. Samples were then centrifuged
at 7000 rpm for 20 min at 4 °C. The resulting supernatant was
loaded onto a 1 ml nickel-nitrilotriacetic acid (NiNTA) column.
The column was washed five times with native binding buffer,
followed by five washes with native wash buffer (12.3 mM
NaH;POy4, 7.8 mM Nay,H,POy4, 0.5M NaCl, pH 6.3). Recom-
binant protein was eluted five times with 1 ml of elution buffer
(20mM NaH;PO4, 0.5 M NaCl, pH 4.0). Recombinant protein
was electrophoresed on 15% SDS/PAGE gel and visualized by
staining with Coomasie Blue (Sigma). E. coli BL21 cells har-
boring non-recombinant pET28(a) vector were used as negative
controls.

2.7. Generation of polyclonal antisera

Rabbits were housed individually in standard rabbit cages
and provided standard laboratory diet with drinking water ad
libitum. A blood sample was obtained from two female New
Zealand White rabbits (Covance, Denver, PA, USA) prior
to immunisation. Purified rEa-MIF (10 pg) was mixed with
ImmunoMax SR (Zonagen Corp., The Woodlands, TX, USA)
adjuvant to a total volume of 500wl and injected subcuta-
neously at multiple sites. Boosters were administered on day
30; on day 37 and antibody titers were measured and antisera
collected.

2.8. Immunolocalisation

Merozoites were applied to multi-well slides, air-dried, and
blocked with 1% BSA in PBS for 30 min at room temperature
in a humid chamber. The slides were then immersed briefly
(5s) in PBS, air-dried and incubated with rabbit-anti-rEa-MIF
diluted 1:1000 in blocking buffer for 1 h at room temperature.
Pre-immunisation serum diluted at 1:1000 was used as negative
control. In order to co-localize the MIF protein staining,
anti-rEa-MIF stained merozoites were then incubated with
a cell supernatant containing monoclonal antibody 1207
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(which is identical to antibody S16P3A1) [33]. ImmunoPure
TRITC-conjugated goat anti-rabbit IgG (H+L) (Sigma) and
FITC-anti-mouse IgG (H+ L) (Sigma) was used as a secondary
antibody at a dilution of 1:100, for 1h at room temperature.
Each incubation was followed by three brief washes in PBS.
After staining, slides were allowed to air-dry, were overlaid
with Vectastain® mounting medium (Vector Laboratories,
Burlingame, CA, USA) and a coverslip, and were exam-
ined by epifluorescence microscopy at 40x magnification.
The images were captured with a Nikon DXM-1200 digital
camera.

2.9. Western blots

Protein samples were analyzed by one-dimensional (1D)
polyacrylamide gel electrophoresis using 1 mm thick gradient
mini gels (8 cm x 9 cm, 4-12% Bis—Tris) (Invitrogen) fixed and
stained as previously described [25]. Proteins were transferred
to PVDF membranes (Millipore Inc., Bedford, MA, USA)
by electrophoresis in a blotting chamber using 25V for 1h.
Completeness of transfer was monitored using prestained
Benchmark protein standards (Invitrogen). Magic Mark-xp
Western blot standards (Invitrogen) were used to calculate
relative molecular weights (MW). Following transfer, mem-
branes were incubated in SuperBlock blocking solution (Pierce)
containing 0.05% Tween-20 overnight at 4 °C. Membranes
were incubated with rabbit-anti-rEa-MIF, 1:500 dilution in
10% blocking solution for 1h. Membranes were washed (3x
for 10 min each) with 15ml wash buffer (PBS with 0.05%
Tween-20) and incubated for 1h at room temperature with
10ng/ml goat anti-rabbit antibody coupled to horseradish
peroxidase (HRP) (Pierce). Membranes were washed as above
and exposed to Dura Extend luminol reagent (Pierce) for 5 min.
Bands were visualized with a digital camera (UVP, Upland, CA,
USA).

2.10. 2D electrophoresis

For two-dimensional (2D)-electrophoresis, 10 g of sol-
uble merozoite proteins were precipitated from solution by
incubation with acetone at —20°C overnight. Samples were
centrifuged at 20,000 x g for 20 min at 4 °C. The acetone was
discarded and samples dried. Dried samples were dissolved in
a detergent solution (8 M urea, 4% CHAPS, 40 mM Tris and
0.2 ampholytes; Reagent 2) (Bio-Rad, Hercules, CA, USA)
with 2 mM tributylphosphine (TBP) as a reducing agent. Sam-
ples containing about 10 wg of protein were loaded onto 7 cm
plastic strips containing an immobilized pH gradient (IPG, pH
3-10, linear gradient) (Bio-Rad) by active hydration and focused
at a maximum of 4000V for a total of 10,000 V/h with a
Protean II iso-electric focusing unit (Bio-Rad). Following iso-
electric focusing, IPG strips were washed sequentially for 30 min
each with buffer I (6 M urea, 2% SDS, 0.37 mM Tris—HCl, pH
8.8, 20% glycerol, 130 mM dithiothreitol (DTT)) and buffer II
(buffer I without DTT with 135 mM iodoacetamide). Strips were
placed on top of a second dimension 4—-12% Bis—Tris NuPage
mini-gel (Invitrogen) and run at 200V for approximately 1h.

Proteins were transferred to PVDF membrane and Western blot
was performed as described for 1D gels.

2.11. MIF excretion/secretion

Purified merozoites (1 x 10°) were incubated in 3 ml HBSS
for 3h at either 4 or 41 °C. The samples were centrifuged at
10,000 x g for 10 min at 4 °C and the supernatants containing
ES products were removed. The ES products were concentrated
and dialyzed against 50 mM Tris, pH 8.0. Protein concentration
was estimated from the ratio of absorbance at 280/260 nm and
samples were frozen at —70 °C. Merozoites recovered following
collection of ES products were suspended in 50 mM Tris, pH 8.0,
and disrupted by sonication (three cycles of 10s each) on ice.
The sample was centrifuged at 20,000 x g for 20 min at 4 °C and
the supernatants were frozen at —70 °C. Protein concentration
was determined using the BCA procedure (Pierce) with bovine
serum albumin as a standard. The ES products were then sub-
jected to Western blotting with rEa-MIF antisera as described
above.

2.12. Sequence and evolutionary analyses

Amino acid alignments were constructed using the ClustalX
software [34] with minor manual corrections. Phylogenetic trees
were reconstructed from these alignments using either the neigh-
bor joining method (NJ) [35] to obtain evolutionary distance
by calculating uncorrected p-value, or the maximum parsimony
(MP) [36] method in PAUP*4.0b10 [37] using the heuristic
search algorithm. The stability of the branching order in both
the NJ as well as MP analyses was confirmed by performing
1000 bootstrap replicates. The bacterial 5-carboxymethyl-2-
hydroxymuconate isomerase (CHMI) sequences were used as
an outgroup. Structural analyses were carried out using Sig-
nalP V3.0 (http://www.cbs.dtu.dk/services/SignalP/) [38] and
the FUGUE server (http://www-cryst.bioc.cam.ac.uk/~fugue)
[39]. Putative secondary structure of Eimeria MIF was obtained
by homology modeling using the SWISS-MODEL server
(http://swissmodel.expasy.org/) [40]. The three-dimensional
structure of human MIF was used as template. Pro-
tein structure was viewed using Swiss-PBDViewer software
(http://ca.expasy.org/spdbv/) [41].

3. Results
3.1. Characterisation of Eimeria MIF gene

Random screening of an E. acervulina merozoite cDNA
library identified a single clone (L24) that shared high
sequence similarity (E value of 2e—12) with MIF described
from Petromyzon marinus (sea lamprey) [23]. Clone L24
contained an entire open reading frame (ORF) consisting
of 348 nts as well as 89bp of 5 -untranslated region (UTR)
and 224bp of a 3’-UTR. By comparing the E. acervulina
MIF sequence against the E. tenella genome using BLASTN
and BLASTX algorithms (http://www.sanger.ac.uk/cgi-
bin/blast/submitblast/e_tenella/omni) a single MIF homologue
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Fig. 1. Amino acid alignment of MIF proteins from different species. Regions predicted to be a-helices or B-strands in E. acervulina MIF are indicated at the bottom
of the alignment. Regions known to be a-helical and 3-strand structures in H. sapiens MIF are highlighted in gray. Positions believed to be involved in the formation
of the catalytic site are shown on a black background. Dashes denote amino acid identity and dots denote gaps in the alignment. The amino acids are numbered

according to E. acervulina MIF.

in the E. tenella genome was identified. To confirm that E.
tenella MIF is expressed the entire ORF was amplified from
cDNA of merozoites. Additional data mining uncovered MIF
homologues in other apicomplexans such as Toxoplasma gondii,
and several Plasmodium species. The putative apicomplexan
MIFs are shown aligned in Fig. 1 with MIF molecules from two
vertebrate species as well as those isolated from three species
of nematodes. The MIF gene is composed of three exons and
two introns and while the delineation between first and second
exons is not conserved between Eimeria and human MIF,
the boundary between second and third exons — is conserved.
The amino acid identity between E. acervulina and E. tenella
MIF is only 64%. There is 39% amino acid identity between
Eimeria MIF and that of a closely related coccidian 7. gondii,
while the similarity to the sea lamprey MIF is only 1% lower.
Analysis of the Eimeria MIF using the SignalP V3.0 software
[38] indicated, that the protein lacks a signal peptide. Analysis
of the protein sequence using FUGUE [39] revealed significant
similarity with mammalian MIFs (Z-score of 29.77). Using the
SWISS-MODEL server E. acervulina MIF was predicted to
contain two o-helices and four (3-sheets (underlined in Fig. 1).
There are 18 amino acids that are important in the catalytic
activity of vertebrate MIF [23] (shaded in black in Fig. 1) and
10 of these are identical between human and Eimeria MIF. The
immunomodulatory activity of mammalian MIF appears to be
determined by sequence of amino acids spanning from positions
50-67 in Fig. 1. In this region, mammalian MIF has been found
to interact with the transcription factor JAB1 [22]. This area
of MIF is also well conserved among different taxa with 53%
amino acid identity between human and Eimeria MIF.

3.2. Developmental expression of MIF during E.
acervulina life cycle

E. acervulina MIF transcripts were amplified from cDNA
synthesised from oocysts collected at different time-points
during sporulation, as well as sporozoites, and merozoites. The
primers used in amplification were designed to span an intron,
therefore PCR products generated from cDNA were smaller
than those amplified from genomic DNA. MIF transcription was
also determined with real-time RT-PCR using cDNA synthe-
sized from sporulated and unsporulated oocysts, sporozoites and
merozoites. The highest level of mRNA expression was observed
in merozoites, while decreasing amounts of transcripts were
detected in unsporulated and sporulated oocysts, respectively,
with transcripts falling to undetectable levels in sporozoites
(Fig. 2A). The mRNA expression profile of E. tenella MIF
was identical to that observed in E. acervulina (data not
shown).

Immunoblotting was carried out to analyse the level of pro-
tein expression in the same stages used above. Protein expression
was similar to mRNA expression patterns with highest amounts
of protein observed in merozoites, small amounts present in
sporulated and unsporulated oocysts and no protein detectable
in extracts from sporozoites (Fig. 2B). The polyclonal antis-
era generated against recombinant E. acervulina MIF did not
cross-react against E. tenella MIF, therefore a protein expres-
sion profile could not be obtained. In E. acervulina merozoite
extracts, two other bands were observed in addition to the band
corresponding to MIF, at molecular weights of approximately 20
and 35 kDa. These higher molecular bands may be explained by
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Fig.2. (A) Analysis of expression of E. acervulina MIF transcripts using quanti-
tative real-time RT-PCR showing highest levels of transcripts in merozoites. (B)
Analysis of E. acervulina MIF protein expression using Western blotting with
polyclonal antisera generated against recombinant E. acervulina MIF. Protein
extracts from merozoites expressing highest amounts of MIF. UO, unsporu-
lated oocysts; SO, sporulated oocysts; SPZ, sporozoites; M, merozoites; ND, no
transcripts detected. Bars represent measurement of standard error.

presence of other MIF-like proteins in E. acervulina or presence
of MIF oligomers.

3.3. Characteristics of MIF protein

An immunofluorescence assay (IFA) was performed on E.
acervulina merozoites in order to localise MIF. Although, pre-
immunisation serum shows very little reactivity (not shown), the
anti-MIF antisera stained the entire parasite with greater stain-
ing intensity seen at the extreme tip of the apical end (Fig. 3A).
In order to better define the localisation of MIF in the mero-
zoites a co-localisation study was carried out using a monoclonal
antibody 1207, which recognizes both surface and internal pro-

teins of E. acervulina merozoites [33] (Fig. 3B). When these
two images were combined it is apparent that MIF staining is
cytosolic and does co-localise with the cytosolic binding pattern
of antibody 1207, however, the anti-MIF antibody clearly stains
the apical end of the merozoites with greater intensity.

Mammalian as well as nematode MIF is actively secreted
[17] therefore ES products from E. acervulina merozoite were
analysed for the presence of MIF. Greater amounts of MIF were
observed in supernatants from merozoites incubated at 41 °C
compared to 4 °C (Fig. 4). This can be compared to total extracts
from merozoites that were incubated at both temperatures, in
which the total amount of MIF present was comparable.

Isoelectric focusing indicated that there are three isoforms of
MIF present at pH of 5.9, 6.3 and 6.7 (Fig. 5). The predicted pI of
E. acervulina MIF based on the predicted amino acid sequence
is 6.05. All three bands visualized by isolelectric focusing were
of same molecular weight, approximately 12.0 kDa.

3.4. Evolutionary analysis of apicomplexan MIF

A protein alignment was constructed which included MIF
and DDT sequences from vertebrates and invertebrates, as well
as bacterial CHMI sequences which were used as an outgroup in
this analysis. To reconstruct the phylogenetic relationships of the
MIF family which includes the newly identified apicomplexan
MIF, two methods of phylogenetic analysis were carried out, a
distance method (NJ; Fig. 6) and maximum parsimony (MP).
The two trees were not significantly different from each other;
however, the MP tree lacked resolution in the branching pattern
of distantly related sequences, and therefore is not shown. Four
major groups were formed in the resulting tree (Fig. 6). The
three bacterial CHMI sequences used as an outgroup formed
a single group. The second group contained DDT sequences
from mammals and nematodes. The third group consisted of
MIF sequences from vertebrates, nematodes, and a single MIF
sequence from the “Lone Star” tick, Amblyomma americanum.
Because the tick MIF is the only MIF sequence available from
any arthropod, its placement within this clade may not be
reliable. The fourth group was made up of all apicomplexan
MIF sequences identified thus far, which formed a sister rela-
tionship with MIF-like sequences from the plant, Arabidopsis
thaliana. Group III that included all bona fide MIF sequences
was sister to apicomplexan and plant MIF with 62% bootstrap
support.

4. Discussion

Presence of MIF in organisms that do not possess adaptive
or combinatorial immune responses raises many interesting
questions regarding the function and evolution of this molecule.
In the present study MIF homologues were described for
the first time from single-celled parasitic protozoa belonging
to phylum Apicomplexa. The full-length cDNA clone was
initially discovered during a random screening of ESTs from
an E. acervulina cDNA library. Through subsequent use
of bioinformatics MIF sequences in other apicomplexans
were identified, including E. tenella, T. gondii and several
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Fig. 3. Co-localisation study of MIF in E. acervulina merozoites. (A) E. acervulina merzoites stained with polyclonal antisera generated against rEa-MIF, the inset
shows a magnified view of two merozoites, (B) same preparation stained with monoclonal antisera 1207 recognizing surface as well as intracellular antigens and (C)
a combined slide of E. acervulina merozoites stained with anti-rEA-MIF and 1207, showing cytosolic localisation of MIF with greater concentrations associated at
the apical end of the merozoites.
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species belonging to genus Plasmodium. Interestingly, MIF and lamprey genomes [23,42,43]. In some species, like the

homologues were not found in the genomes of C. parvum, C. Chinese amphioxus multiple functional MIF copies have been

hominis, Theileria parva, Theileria annulata. Babesia bovis or found [44]. As is observed in other MIFs the Eimeria gene is

Babesia bigemina. By identifying a single MIF-like sequence organized into three exons and two introns [15,23,44].

through querying the E. fenella genome it is likely that MIF is a Even though the primary sequence of MIF is not highly con-

single copy gene as it is also in human, mouse, cichlid, hagfish served between closely related species of Eimeria (only 64%
amino acid identity observed) over half of the amino acids which
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Fig. 4. Evaluation of excretory/secretory (ES) products collected from E.

acervulina merozoites for the presence of MIF. Western blots were performed Fig. 5. Iso-electric focusing of E. acervulina MIF using 2D electrophoresis.
with polyclonal anti-rEa-MIF antisera on soluble extracts from merozoites, or Three MIF isoforms at pH 5.9, 6.3 and 6.7 were identified at MW of 12.0kDa
ES products from merozoites maintained at 4 or 41 °C for 3 h. using polyclonal anti-rEa-MIF antisera.
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bar indicates the measure of evolutionary distance obtained by calculating the uncorrected p-value. Bootstrap value of less than 50% for the branching order of A.

americanum was not included in the figure since it is not confirmative.

form the catalytic site for enzyme activity in human and mouse
MIF are identical with Eimeria MIF suggesting functional con-
servation. The three-dimensional structure of human MIF is
comprised of two a-helices and six (-sheets in the following
order: Bla1B2B3B4a2B5B6. The secondary structure of Eime-
ria MIF is predicted to contain two a-helices and four [3-sheets,
in the following order: a1B1a2B32B33B4. Therefore, the three-

dimensional structures of mammalian and apicomplexan MIFs
may differ, however most of the secondary structure appears to
be conserved. It is worthwhile to point out that homology based
modeling, which in this case employed human MIF as template
may not be completely accurate, therefore only data from crys-
tallization studies or NMR modeling will be able to provide us
with the actual structure of Eimeria MIF.
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Expression of Eimeria MIF transcripts as well as protein is
primarily limited to the merozoite stage of the life cycle, sug-
gesting strong developmental regulation. Merozoites represent
an intracellular stage of the parasite, which are a result of rapid
cell division of schizonts, and are also responsible for much
of the pathology associated with coccidiosis. Comparatively, in
vertebrates MIF expression is highly upregulated in response
to inflammatory agents such as LPS [2,5]. In nematodes, MIF
expression is present in all stages however in Brugia malayi
it is upregulated in the adult as well as microfillariae [15]. In
species of Trichinella as well as the free-living nematode C.
elegans MIF is also upregulated in adult worms, while constitu-
tively expressed in other stages [14,18]. The significance of MIF
expression being primarily associated with Eimeria merozoites
is unclear; however, it will be interesting to determine whether
Eimeria MIF exerts effects on host responses or whether it is
involved in regulatory or metabolic functions, or both. Although
MIF is not detectable in Eimeria sporozoites, it is not known
at which point after invasion of host cells by sporozoites MIF
expression first becomes detectable. The kinetics of expression
should be further investigated because if MIF expression is lim-
ited to merozoites, then it may be useful as a marker of merozoite
presence or formation.

Eimeria MIF is present in ES products collected from mero-
zoites. It is possible that the release of MIF could be due to
active secretion or be the result of release from structurally
compromised parasites. However, the amount of MIF present
in ES products is a temperature sensitive process suggesting
that observed secretion is a metabolically dependent process.
Additionally, it has been observed that Hsp90, a protein that
is not normally secreted, could not be detected in ES products
of E. acervulina merozoites (KBM, unpublished observation).
Therefore, it is likely that merozoites are remaining intact during
the assay, and that secretion of MIF is a bona fide occurrence.
In other species (vertebrates as well as invertebrates) MIF is
secreted in spite of the absence of a signal peptide (a finding
also observed in Eimeria MIF). In nematodes such as B. malayi
[15] and in Trichinella spp. [17] adult worms have been shown to
secrete MIF, while in vertebrate species exposure to LPS triggers
MIF secretion [2,5]. The mechanism of MIF secretion in not well
understood, however, it is well recognised that MIF is secreted
via non-classical means [45]. Recently, the role of ABC trans-
porters has been implicated in the mediation of MIF secretion
in human monocytes [46]. Secretion of MIF may have inter-
esting implications in apicomplexans since ABC transporters
are encoded in the apicoplast genome [47] and these molecules
have been implicated in drug resistance particularly in species
of Plasmodium [48]. The immunolocalisation of Eimeria MIF
indicates that this protein is cytosolic with greater concentra-
tion in the apical end of the merozoites. It is possible that the
immunolocalisation studies reflect cross-reactivity of the poly-
clonal antisera with other cytosolic or apical proteins that are
related to MIF, even though evolutionary analysis failed to detect
MIF-related proteins in genome of E. fenella. It is feasible that
MIF may be translated in the cytosol and targeted to the api-
cal complex for release, however, this hypothesis is yet to be
tested. Iso-electric focusing of Eimeria MIF indicates that three

isoforms are present in merozoite extracts. Multiple isoforms
have also been observed in nematodes, where two have been
found in ES products of B. malayi [15] and three isoforms were
observed in extracts of adult Trichinella spp. [18]. Multiple iso-
forms have also been observed in mammalian MIF [49], however
the significance of their presence is poorly understood. Addi-
tionally, MIF is known to undergo oligomerization with dimers
and trimers detected in invertebrates as well as vertebrates. The
formation of these quaternary structures may affect the forma-
tion of the active site [17,50]. Oligomerization of MIF may
explain presence of multiple bands that were observed in the
immunoblotting analysis of E. acervulina merozoite extracts.
Additionally MIF-related proteins of about 29.5 kDa have iso-
lated from bovine brain extracts [51], therefore presence of such
proteins could also explain higher bands observed in merozoite
extracts.

Ithas been previously reported that MIF, DDT [52] and CHMI
[53] are related or are at least similar to one another, and can
be grouped into a MIF-like family. Additionally, a recent study
[23] demonstrated that MIF and DDT form a sister relationship
and that nematodes contain both MIF and DDT. The phyloge-
netic analysis reported here revealed that apicomplexan MIF
sequences form a sister relationship with MIF-like sequences
identified from A. thaliana. At this time however, none of the
three plant MIF sequences have been characterized beyond their
initial identification resulting from genome sequencing. It will
be interesting to determine whether MIF-like proteins in plants
and in apicomplexans share similar functions. As previously
observed, mammalian and nematode MIF and DDT sequences
formed distinct groups, with apicomplexan MIFs forming a
sister relationship with bona fide MIF sequences. This may
imply that the ancient split which gave rise to MIF and DDT
genes occurred very early in eukaryotic evolution, prior to the
divergence of apicomplexans. However, it must be noted, that
attempts to identify DDT sequences in the genome of E. tenella
did not produce any significant similarities. If apicomplexans
lack bona fide DDT and but contain MIF, it is possible that MIF
molecules in these species carry out functions attributed to both
molecules. Because the branching order of the DDT and MIF
groups cannot be ascertained since the bootstrap support for
the deepest split is only 52%, it is possible that MIF and DDT
diverged following the divergence of apicomplexans leading to
the lack of DDT in apicomplexan genomes. Another possibility
is that DDT sequences underwent a deletion in E. tenella and
that other apicomplexans may still contain genes encoding these
molecules.

In conclusion, the description of Eimeria MIF is the first
in-depth characterisation of these molecules in protozoan
organisms. This study lays the groundwork for further anal-
ysis of protozoan MIF. Characterisation of its function and
the possible effects it may have on the host remain to be
described.
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